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SUMMARY

Wear and sllding frictlion properties of a number of nickel alloys
operating against hardened SAE 52100 steel were studied. The alloys
were cast beryllium nickel, heat-treated berylllum nickel, cast Inconel,
Nimonic 80, Inconel X, Refractalloy 26, and Discaloy. Some of the
alloys studied may be ugeful as material for cages of rolling- contact
bearings that operate at high speeds with temperatures above 600° F in
projected alrcraft turblne engines or for bearings that operate in
corroslve mediums.

Desireble operating propertles and the absence of extrems mass
welding of all the materlals studled could be associated with the devel-
opment on the sllding surfaces of & naturally formed film of nickel
oxide. On the besis of wear and friction propertles, cast Inconel per-
formed very well 1n these experiments and compares favorably with nodular
iron. Nimonic 80 also showed promise as a posslble cage materilal.

INTRODUCTION

As discussed in conslderable detall In references 1 to 4, cages
(separators or retainers) have been the principal source of fallure in
rolling conbtact bearings of alrcraft turbine engines. These fallures
are generally lubrication fallures and occur at the cage locating sur-
faces, as indicated In flgure 1. Ome approach to this problem involving
the use of materlals with inherent "antlweld" characterlstics 1s dls-
cussed 1n reference 1. In general, the materials of reference 1 do not
have satisfactory mechanical properties for cage materials at tempera-
tures greater than 600° F. Other nickel alloys, however, show good com-
binations of high strength and corrosion resistance at elevated temper-
atures. For these alloys, however, no data are available (even at room
temperaturse) on their surface failure or gurface welding properties under
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extreme glliding condltions. An Investigstion was therefore conducted to
determine the friction, wear, and surface fallure properties of a number
of nlickel alloys which had good mechanlcsal properties at temperatures above
800° F. This research was conducted at the NACA Lewls laboratory on
sllding friction apparatus.‘to obtain fundamental comparative information

on the various materials. The experiments were not Intended as simulated
cage tests.

The friction and wear experiments were conducted with loaded heml-
spherically sheped specimens with different nickel alloys sllding in a
contlnuous path on rotating steel disk speclmens at room temperature.
Most experiments were run at a sliding veloclty of 5000 feet per minute
wilth loads from 50 to 1593 grams. Wear debris was studled by means of
X-ray diffraction techniques. The nickel.alloys studled included (in
order of decreasing nickel content) cast beryllium nickel, heat-treated
beryllium nickel, cast Inconel, Nimonic 80, Inconel X, Refractalloy 28,
and Discaloy. Data for "L'" nickel are also included as a standerd for
comparative purposes only.

MATERTATS

The materials used in this investlgatlion were selected because they
have adequate mechanical properties at temperatures above 800° F. The
meterials studied, thelr compositions, end some of thelr typlcal proper-
ties are listed in table I.

Although most of the values reported in table I are published data,
the hardnesses were found comparable with data obtalned wlth the Rockwell
superficlal hardness tester. Inltlal surface-roughness values for the
disks were obtalned with a profllometer. The propertles of L-nickel were
obtained from reference 5 and other International Nickel Company Inc.
publications. Date on beryllium nickel were obtalined from The Beryllium
Corporation. The properties of Nimonic 80 were obtained from The General
Electric Campany, while the data on Refractalloy 26 and Discaloy were
obtained from Westinghouse Electric Corporation and other sources.

The photomicrographs (X100) of metallograephic specimens of the
alloys used in the friction and wear experiments reported herein are
shown in figure 2. These photomicrographs show the types of structure
and the relative grain sizes of the alloys investlgated.

The experiments were run with SAE 52100 steel (hardness, Rockwell
C80 to 62) as the dlsk specimen even though this steel is unsatisfactory
for operation at high temperatures. The high-gspeed tool._steels (18-4-1
and molybdenum types) have appreclable promise for rolling-contact bear-
ings to operate at high temperatures because of the combination of hot _
hardness and reletively good fatigue strength; these steels were, however,
not availasble in sizes required for the disk specimens of these experiments

¢
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in time for this investigatlon. Indications are that the results with

the tool steels of hardnesses equal to that of SAE 52100 would not be
appreciably different from those obtalned in the majority of these experi-
ments. The thermal expansion coefficlents of two tool steels are shown
in table I for comparison with the coefflicients of the materials of this

investigation.

APPARATUS AND PROCEDURE

Specimen preparation. - In each experiment there were two specimens,
the rlder and the disk. The rider specimens, of the materials being
investigated, were cylindricel (3/8-in. diem, 3/4-in. length) and had a
hemispherical tip (3/16-in. rad.) on one end. The surface of the rider
specimens was finlshed by fine turning; minimum msterial removal per
cut was used In order to minimize surface cold working. The disk speci-
mens (13-in. dilam.) were clrcumferentially ground on a conventlonal sur-
face grinder with light grindlng pressures to produce a surface rough-
ness of 10 to 15 rms as measured with a profilometer. These values of
roughness are within the range of roughness measurements obtained on cage
locating surfaces of representative rolling-contact bearings (reference 6).

The rider specimens were cleaned hefore each experiment with a clean
cloth saturated with redistilled 95-percent ethyl alcohol. The disk
specimens were carefully cleaned to remove gll gresse and other surface
contaminetion according to the detailled procedure glven ln reference 7.
Briefly, this cleaning procedure includes scrubbing wlth several organic
solvents, scouring with levigated alumina, rinsing with water, washing
with ethyl alcohol, and drying In an uncontaminated atmosphere of dried
alr.

Friction epparatus. - The friction spparatus used for these experi-
ments ls essentlally the seame as that described In reference 7. A dia-
grammatic sketch of the apparatus showing the holder assembly for the
rider specimens and the rotating disk specimens that are the primary
parts is presented in figure 3. The disk 1s rotated by a hydraulic
motor assembly that provides accurate speed conbtrol over a range of
sliding velocities of 75 to 18,000 feet per minute. The disk specimen
was mounted on a flywheel assembled with 1ts shaft supported and located
by a mountling block which contalned bearing assemblles for accurate
location. Ioading was accomplished by placing welghts on the axis of
the rider holdsr. Friliction force was measured by four straln gages
mounted on & beryllium-copper dynamometer ring and connected to an
observatlon-type potentiometer converted for use as a friction-force
indicator. The straln gages were so mounted that temperature compensa-
tion wes obtalned. The coeffilcient of friction upyx 1s calculated from
the equation

- L
l-lk“P
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where F 1s the measured frilction force and P 1s the applied normal
load. The reproducibility of the coefficlent of frictlon values 1in all
but isolated cases was within +0.04 for dry surfaces and within +0.02
for lubricated surfaces. The data presented are complete dats from a
representative experiment on each material under the speclfled
conditions. :

Friction-force readings are recorded by a motion-picture camera
(64 frames/sec) timed to operate for 3 seconds covering each separate
frictlon run.

Method of conducting experiments. - Wear runs of 3 hour duration
were made on dry surfaces with loads of 50 and 269 grams at a sliding
veloclty of 5000 feet per minute. All runs were made at room temper-
ature. The complete run was made over the same wear track (wlthout
radial traverse of the rider specimen). Wear of the rider was deter-
mined at regular intervals from measurements of wear-spot diemeter made
with a calibrated microscope and by welght loss obtained with an analyt-
ical belance. The final wear-volume measurements could generally be
reproduced within +10 percent in different experiments on & given mate-
rial. Weight loss measurements were used as & rough check on the accuracy
of the wear-spot-diameter area. No wear measurements were made of the
slider (disk) specimen.

Friction runs to determine effect of loading wore made with boundary-
lubricated surfaces at a sliding velocity of 5000 feet per minute with
increasing loaeds in increments from 119 grams to the fallure point of
the specimens. The dlsk was lubricated before each 3-second run by
rubbing a very thin film of a petroleum lubricant grade 1005 (Air Force
specification 3519, Amendment 2) on the rotating surface using lens
tigssue. Previous experience at thils laboratory has indicated that the
film formed by this procedure is sufficiently thin that hydrodynemlc
lubrication will not occur. Reference 8 shows that~a lubricant film of
this type may approach a monomolecular film at the polnts of the surface
asperities. Surface fallure was established by both increased friction
values and the occurrence of welding (visible metal transfer).

The loads and the specimen shapes were so chosen as to produce
relatively high initial surface-contact stresses. In splte of the rela-
tively light loads snd large apparent areas of contact of the cages at
thelr locating surface in rolling-contact bearings under normal condl-
tions, the actual contact stresses can be large. As discussed in more
detall in reference 9 (pp 10-32), surfaces under nominal load and with
large apperent areas of contact cen have stresses at the localized con-
tact areas that are equal to the flow pressure (compressive yleld
strength) of the materials.
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RESULTS AND DISCUSSION

As discussed in more detall in reference 1, for possible cage mater-
ials the surface fallure properties are of greater importance than the
friction properties although these factors are somewhat related. The
first stage of surface failure 1s the inciplent breakdown of the fluld
lubricant, and the second stage 1ls the contact of metals free of fluld
lubricent. Thls condition increases the geverlty of temperature flashes
which increases the susceptibility of the metals to surface adheslon.
Subsequently, inciplent surface fallure occurs; this conditlon is usually
detected by lncreased frilctlion and by the appearence of mlnute surface
welds. The ultimate point of fallure 1s complets selzure or meass welding
of the surfaces. Surface temperatures that accompany mass weldlng are
generally extremely high (approaching the melting point) and may result
in the welded Junctions having such low shear strength that there is
1little or no increesse and possibly a decrease in friction. The presence
of a naturally formed reaction film such as an oxlide may generally arrest
the progression of surface faillure.

Because of the importance of surface fallure, particulaer effort was
mede in the studies described herein to detect 1ts occurrence. Study
of the rates of wear and the appearance of the surfaces gensrally made
it possible to establish the initial occurrence of mass surface fallure.

Wear of unlubricated surface. - The data of figure 4 show the total
wear volume gt different time increments up to 3 hours for each material
at a sliding velocity of 5000 feet per minute with loads of 50 (fig. 4(a))
and 269 (fig. 4(b)) grams. At the light loads (fig. 4(b)) annealed
"T" nickel (which 1s included as & standard for comparison purposes only)
hed good wear properties. At the heavier loads (fig. 4(b)), however,
annealed "I" nickel had more wear than cast Incomel. Table II shows the
wear for all the materlals studled as ratios of the total wear to that
for "L" nickel; these ratlos sre based on data taken from figure 4.

Table IT also summarizes film-formstion and surface-fallure properties

of the materisls of this investligatlon; these properties wlll be des-
cribed in detall as the individual materlals are discussed. The wear

date of figure 4 show an appreclable effect of load on the relative wear
rates of the different masterials. As discussed In more detall in refer-
ence 1, the large increase 1ln wear for annealed "L" nickel with the heavier
load is probably a result of low mechanlcal strength but the use of
relations based on the physical propertles of the materlals will not
explain the wear properties observed in these experiments.

As for the materials of reference 1, the surface-fallure and wear
properties of the materlals of this Investigation depended primarily on
the film-forming properties of the materilals, but the conditions of the
wearing surface were changesble; films were contlnually forming, wearing
away, end reforming, thus producing wear debris in the form of black
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powder. Similerly, the friction coefficlents for these materlals were
for the most part quite changeable with the formation of surface films.
In general, the initial dry frictlon values during the wear runs (0.25
to 0.35) were substantially higher than the subsequent values (0.10 to
0.15). The trend of reduced friction coefficient with continued running
coincides with the formation of surface films ‘and possibly cold working
of the slider.

The data of figure 4 indlcates that cast Inconel is one of the best
of the materials, with Nimonic 80 showing good results also. Both
meterials showed appreclsble film formation, which probably accounts for
the good wear properties. Under all conditions both of these materials
were 8lso relatively free of welding. Cast Inconel and Nimonic 80 com-
pare favorably from & wear standpoint with the best materials (nodular
iron end gray cest 1lron) as i1llustrated by the data curves of refer-
ence 4, Cast Inconel and Nimonlc 80, however, show appreclably lower
friction than the irons of refexence 4.

The wear curves for beryllium nickel (heat treated) and Discaloy at
269-gram losd were especlally checked for reproducibllity to verify the
ghape of the curves. ’ :

Figures 5 and 6 are photographs of wear asreas of several rilder spe-
cimens after the dry wear rumns (3 hr at 5000 ft/min) wlth loeds of 50
(fig. 5) and 269 (fig. 6) grams. As indicated in figure 5(a) the "L"
nickel asppeared to have the best surface condition of all the materlals
in these experiments; It had a uniform black film on the wearlng area
with no sign of surface failure. There was an Indlicatlon, however, of
apprecisble plastic deformation at the tralling edge of the slider of
the wear ares (bottom of phobtogreph). The plastic deformation was prob-
ebly the result of the low yleld strength of the annealed "L" nickel.
Cast Tnconel (fig. 5(b)) and Nimonic 80 (fig. 5(c)), which have appreciably
higher yield strengths then "L" nickel, did not evidence appreclably
plastic deformation. Neither did they show as good film forming proper-
ties as "L" nickel, although surface films dld form on the areas that
appeered to be supporting the load. These areas also showed surface
flow as illustrated by the fine lines normal to the direction of motilon

(fig. 5(c)).

The films formed on the wear aress of "L" nlckel specimens run with
a load of 269 grams (fig. 6(a)) were not as contlnuous as those formed
with a load of 50 grams (fig. 5(a)). Masg welding was, however, effec-
tively prevented. o ‘ : . .

Cast Inconel (fig. 6(b)) had the best surface condition as well as
the lesst wear of any of the materials after weer runs at the heavier
load. Surface flow lines were present over the entire wearing area of
the specimen and since Inconel work hardens readlly (reference 10) 1t is
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probable that the surface of this speclmen was appreclebly harder than
Indicated by the value glven in table I. For a given materlal, work
hardening of the surface might be beneflcial with respect to reducing
wear and friction. A surface film was prssent on most of the rumning
area and appeared to be of a greater thickness i1in the area that was
supporting the load.

he wear areas of the Nimonlc 80 specimens (fig. 6(c)) were similar
to those obbtalned with cast Inconel; the Nlmonlc 80 exhibited surface
flow lines and nonuniform but falrly complete film formation. The films
formed on the Nimonic 80 were, however, less uniform than those found on
the cast Inconel specimens.

The wear tracks on the dlsk specimen shown in figure 7 are the sur-
faces against which the slider specimen asreas of flgure 8 were run. In
general, the wear tracks on the disk specimen showed either a uniform
smearing of transferred metal (fig. 7) or "globs" of welded metal from
the rider specimens (not shown in fig. 7). The smeared surfaces were
coated for the most part with the same naturally formed f1lms formed on
the rider specimens. Surface flow llnes were common in the transferred
metal. The disk specimen sgalnst which the "L" nickel rider specimen
operated showed smeared transferred metal on which a dark £ilm had been
formed. The smeared films of Inconel and Nimonic 80 on the disk
(fig. 7(b) and 7(c)) were somewhat less uniform than the smeared films
obtained with "L" nickel, and they both showed surface flow lines not
discernible on surfaces run wilth "IL" nickel. None of the rider maberials
caused significant demage to the disk surfaces; the runnlng surfaces on
the disks were, in fact, formed by transferred riler materials. It was
probgbly only because of the films formed on the surfaces that mass
weldling was not common to all the alloys of the Investigatlon reported
herein. At some time during the wear runs, beryllium nickel, Refrac-
talloy 26, and Discaloy showed evidences of incipient fallure.

Whers surface photographs of materlals are not 1ncluded 1n this
report the surface appearance of the specimens may be considered as
belng approximately represented by the filgures that are included accord-
ing to the comparlsons given 1n table IIT.

Friction of lubricated surfaces. - It is under conditlons of extreme
boundeary lubricetion that the antlweld properties of the materials are
mogt important. Consequently, a series of runs wes made with all the
materials under consilderation sliding on boundary-lubricated disk sur-
faces; these results are presented in flgurs 8. The gliding velocity
was delilberately chosen from refersence 1l to be above the veloclity
(2500 ft/min) which results in film fallure of the grade 1005 lubricant.
In this manner, it was possible to insure that extreme boundary-lubricating
condltions were obtained at the point of contact.
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According to the data of flgure 8, there is relatively little dif-
ference in frictlon coefficlents of the varlous materlals when they are
operated under extreme boundary-lubricating conditions. As discusaed in
reference 1, the high friction coefficient of "L" nickel may have been
the result of the extreme plastic deformation of the materilal which was
teking place at the higher load. At the higher loeds, generally, the
friction coefficlents for cast Inconel, Nimonic 80, Inconel X, Refrac-
talloy 26, and Dlscaloy were independent of losd. These materials have
mechanical and chemlcal properties that are the least sensitive to changes
in temperature. Increased loading would cause higher surface temperatures
and, if physical properties of the surface material were esgentlally
unchanged and mess welding did no%t occur, friction coefficients would also
remaln unchanged. Hardness was the principal physical property of inter-
est 1n these experiments since the low shear strength of the surface as
well ag the Inhlbition of-welding was probably provided by the surface
films which formed during sliding.

In general, friction values are most affected by shear strength
between the surfaces; the narrow range of friction values obtailned with
the high-temperature materlals indicates that the surface films Fformed
during sliding had approximately the same shear strengths. In all prob-
ablllty, therefore,-the films are the same for all these msterials.
(This result is confirmed later).

The presence of a lubricant on the disk did not prevent the form-~
ation of surface films on the wear areas of the specimens. Several
wear areas of rider specimens are shown in figure 9. As discussed in
more detall in reference 1, amnealed "L" nickel (fig. 9(a)) di1d not have
gufficient—yleld strength to withstand the contact stresses imposed at
the maximum load of 1593 grams. The appearance of the wear spot indi-
cated that plastic flow of the surfaces had occurred; the presence of &
P1lm (which was apparent on the surface), however, prevented surface
wolding. . -

The cest Inconel (fig. 9(b)) had a uniform surface film with low
wear and no sign of surface fallure, Nimonic 80 (fig. 9(c)) had a con-
tinuous surface film on the wearing area, although this film was not as
uniform as that on the cast Inconel. Nimonic 80 also had low wear and
no slgn of surface failurs.

The other specimens of the experiments generally had surfaces less
sablasfactory than those exhibited by cast Inconel and Nimonic 80. The
cast materials hed surfaces similer to cast Inconel and the wrought
materials had surfaces similar to Nimonilc 80; the most apparent differ-
ences were the degree of film formation and the amount of wear. Further
comparlsons cen be made by reference to table II.
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X-Ray diffraction study of wear debris. - Specimens of the black
powdser formed durlng the wear runs with the nlckel alloys were obtained
from the disk surface as was done in reference 1. X-ray powder patterns
were taken with a Debye-Scherrer cemera using manganese radlation 1n
order to determine for each material whether the wear debris formed wes
alloy, nickel oxide, or a combination of both. In flgure 10(a) there is
a comparison of the standard patterns of Inconel X, Nimonic 80, Refrac-
talloy 26, and "L" nickel. The d values of the alloys approach the d
values of face-centered cubic nickel. The slight variaetions were caused
by the influence of the alloying elements 1n the space lattice of the
nickel. Therefore, "L" nickel was used as a standard to compare with
the d values of the debris. As is evident in figure 11(Db), nearly
all the wear debris patterns show d +values corresponding to the stend-
ard pattern of "L" nickel. Other lines (4 values) are apparent in
many of the patterns. For example, d values of 2.06, 1.46, and
2.4 Angstrom units are positively ldentified. These lines correspond
generally to the A.S.T.M. d values for nickel oxide NiO.

The patterns for the wear debrls are therefore arranged in fig-
ure 11(b), in such a way as to be bracketed by the pattern for "L" nickel
and nickel oxidse.

Comparison of these patterns indicates that both the nickel oxlde
and the original alloy are present in the wear debris. The lines of
nickel oxide corresponding to the 4 values of 2.07 and 1.27 Angstrom
vnite in most cases cannot be dilstinguished from the llnes of the
standard alloy. Extra lines are observed in the wear debris pattern of
"L" nickel, and may result from the different forms of the oxide.

The exact proportion of oxide to alloy could not be determined from
these diffraction data but it was apparent that some of the wear debrils
semples contained mors oxide than others. The most notlceable was the
wear debris from "L" nickel. The diffraction pattern shows that 1t con-
slstes almost entirely of oxide. Of the other materlals, cast Inconel
showed the nickel oxide diffraction pattern most distinctly. As a

general rule, it was found that the materials with the lowest wear rates
were those which showed the highest proportion of oxlde in the wear

debrls. This condition is consistent with the observed fact that the
neturally formed oxide film is an effective solid lubricant which reduces

wear and surface damage (reference 1).

Practicel significance. - Consideration of all the data presented
herein indlcates that, of the materials included in this investigatlon,
cast Tnconel and Nimonic 80 are probably the most suited for sliding
surfaces under eilther dry or extreme boundary-lubrication conditions.

Cast Tnconel consistently showed good sliding characteristlcs with 1little
wear anl no apperent surface welding. Under sliding conditions, the
alloy readily forms an oxide film that reduces friction and prevents
welding. Appearance of the wear areas on cast Inconel specimens indicates
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that conslderable plastic flow of the gurfaces occurred. Inconel cold
works readily and 1t is possible that work hardenlng mey contribute to
the good frlctlon properties of the material. The comblnatlon of a
hardened surface with a low shear-strength surface film provides a
desirable condition from a fundamental friction standpoint (reference 3,
pp. 10-32). The performasnce of cast Inconel in these experiments com-
pareg favorably with that of noduler lron in the study reported in refer-
ence 4.

Thermal propertiss of cast Inconel meke lt appear attractlve for
use 1n high-temperature bearings; 1t hes a coefficlent of thermal expan-
sion (table I) that is very close to that of steels. At the same time
caest Inconel retalins most of 1ty room-temperature mechanlcal strengbth at
temperatures to 1400° F (reference 5), and the film-forming properties
that. contributed to ites effectiveness In these experiments could posgibly
be even more effective at higher temperatures.

The thermal propertles of Nimonlc 80 may also be acceptable for use
in high-temperature bearings. Because 1lts expansion coefficlent of
7.34x107%  1s greater than that for steels, Nimonlc 80 may be suited best
for the inner-race riding cages of rolling-contact bearings.

The experiments reportsd herein Indicate that the friction and
surface-failure properties of the nlckel alloys are dependent to a largs
extent on film-forming properties. Since formation of the oxide flims
1s of wvalue, the atmosphere which supplies the necessary ‘oxygen for film
formation is very important to the proper functioning of the material as
slider surface. Cautlion therefors must be used in smploying these mater-
ials for sllding surfaces designed to operaﬁé in inert or reducing atmos-

pheres.

Since static-friction data have provided much of the basis for the
generally poor opinion of nickel and nickel alloys as materlals for slid-
ing surfaces (reference 1), 1t may be desirable to avoid designs where the
nickel alloys are allowed to operate initlally in the clesan or bare metal
gtate against steel, Pretreatment of the contactlng surfaces to form
oxides on the nlckel alloys might be necesgary to insure agalnet surface
damage in the inltial period of operation until the natural oxide films

are formed.,

Heat treatment of beryllium nickel had a very marked effect on the
resistance tao wear at light loeds (fig. 4(a)). At the heavier losd
(fig. 4(b)), however, the effect was insignificant during much of the
wear runs. The small effect at heavy load is belleved to be a result of
high surface temperature occurring during siiding, which probably exceeded
the draw temperature and thus reduced the surface hardness. Because sur-
face temperatures increage with loaito'values epproaching the melting point
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increased loading with many heab-treated metals. Materials wlth the
highest draw temperatures and the lowest friction coefflclents will pro-
vide the most satisfactory sliding surface when heat treatment ls used.

The data of these experiments do not make it possible to arrive at
any conclusion regarding the effect of metallurgical structure on wear
and friction propertles. With materials having simlilar compositions,
however, cast alloys performed in a mammer superior to the wrought alloys.

Preliminary experiments at room temperature wlth several materlals
of this investigation sliding against disk specimens of 18-4-1 tool
steel showed the same general trend obtalned with disks made of SAE
52100 steel having similar hardness.

All the data reported herein were obtained at room temperature;
however, the general trends observed (particularly the surface welding
and friction properties) indicate what might be expected at the temper-
atures of interest. Reference 9 (p. 152) indicates that friction is
affected only slightly by temperatures even as high as 1000° G. The
mechanical strength and chemical (for example, oxidatlion) behavior of
the materials of this investigation (both disk and rider specimen) are
not significantly affected by the temperatures consldered.

CONCLUDING REMARKS

Investigation of wear, friction, and surface-fallure properties of
dry surfaces and of friction end surface-fallure properties of boundary-
lubricated surfaces of cast Inconel, wrought Incomel X, Nimonic 80,
Refractalloy 26, Discaloy, beryllium nickel, and heat-treated beryllium
nickel sliding on hardened SAE 52100 steel were conducted at room tem-
perature. The research showed that:

1. Desireble operating properties of all the materlals studled was
associsted with the development on the rider surface of & naturally formed
dark £ilm identified by X-ray diffraction as being predominantly nickel
oxlde.

These results conflrmed earlier results with other nlckel alloys.
It is probable that these films prevented mass surface welding with all
material combinations of this investigation. High-temperature operation
in air would accelerate the formation of the beneficial surface film. A
pretreatment to form a surface f£1lm before operatlon would probably be
of wvalue.

5. Cagt Inconel was the best materlal in most of the experiments per-
formed. It was not subject to surface fallure at the most severe condi-
tions and evidenced desirable low wear characteristics. It has good



12 NACA TN 2759

high-temperature physlcal propertiles, and a coefficlent of thermsl expan-
glon that spproaches that for steels. These properties make cast Inconel
appear attractive for cages of rolling-contact bearings.

3. Nimonic 80 was one of the better materials under all typeg of
operation. Because 1ts thermal expansion coefficient of 7.34)(10-6 is
groeater than that for steels, Nlmonic 80 may be best sulted for inner-
race riding cages of rolling-contact bearlngs.

4, Cast Inconel and Nimonic 80 have wear propertles comparable to
and friction properties lower than the cast irons previously described.

5. Beryllium nickel, Refractalloy 26, and Discaloy showed signs of
Inclipient fallure at some time during the wear runs.

Lewis Flight Propulsion Laboratory
Netlonal Advisory Commlttee for Aeronautice
Cleveland, Ohio, May 9, 1952
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TABLE I - TYPICAL VAIUES FOR PROPERTIES OF MATERTALS

Material Nominal Tenails Tield [Brinell| Modulus | Density Coafficient of GConfficient of |Melting
composition atrength strength hard- of {1b/ou 11.) thermal theraal polnt
(peroent) (1b/aq in.) |(1d/eg in.) | ness |olmsticity expanaicn condustivity (°F)
(4n. /in. /ow) (B'!mé#aq %)
(a) (br)(°¥/in.))
"L" nickel 99.4 M |spac® 15x10% 50 [sosac® 0321 |7.2a078 420 2825
(annealed) 0.02 C(uax)|(Snero® {13x10° (329-218° ¥) f
.1 Cu at 600° ¥) | at 600° ¥)
.15 Fe .
.08 81
.2 Mn
Inoonsl (oast) 77.75 W1 55x1055 4010° 176 |z3x106 0.300 |6.4x10°5 S04 2525
15.5 fr { 4 (26007 ¥ b | (32%2120 ¥) (szP-z12" F) -+ .
6.0 Fe at 500° F) | at 500° 7) : ’ )
2.0 81
Tnconel T 75.0 K1 180107 12083 360  |3pa0’ 0.300 | 7.61078 - 2570
(wronght) 15.0 or ( e’ (28.7a08 (5%1-212" P sa%ggla" ¥)
7.0 ¥o at 600° F) | at 800° @) at 500° ¥) 8.0%10-% at 140 at 572° 7)
2.5 Bl 10098007 ) " .
Eimemic 80 74.2 W 155:a0° 5 33531%.95 b1vg |31.4000% 0.2 | 7.33x106 88 at 212° ¥ R,
{wrought) £1.2 or {97.5x10 {7 (z7. 8008 (70°-600° F) '
24 T at 1200° ¥)| et 1200° ¥) at 252° F) :
.4 Al :
5 8L
04 0
.6 Mn
Rofractellay 26 |37 B13 Mo |150610° 90x10° 250 |50.508 0.308 | 7.800"6 87 (sporoximmte] -
(wrought) 18 Fo 2.8 ™ (70°-200° #)
18 ¢r .2 Al
2 Co S50 1 '
DPlacel oy 25 Wi 1.8 71 157)01)"’5 10907 Bisg |28,3d00° 0.207 | 8.5x10°8 (70%-200° #) |  —eooormeee —
(wrought) 55 Fe .8 AL |(32910 (87107 9.1x10¢ (70°-600° ¥)
15Cr .05C | at 1000° F)| at 1000° #) 9.9107% (70°-1000° F)
3Mo 581
Berylliwn mickel | 96.0 Wi 100-120¢10° |60-75x10° | Pzoo | 22-24xa0® 0284 | ccmeeee | e —
{cast) 2.88-5,0 Be
: .66 Cr
.50 O{mex)
Beryllium nickel | 5.0 m 200-22500° [180-210x10° | Poo | 25.28x10% 0290 | comeemee { cmeeeeen —
(solutlon ammealed | 2-86-3.0 Be
end heat treated) -86 Cr
.5 O{max)

®Far comparison with: BAE 52100 steel, 6.43x106 (779-300° F); 1B-4-1 atesl, 6.60x10~0 (80°-400° F); molybdenum tool wteels (M-10), 6,47x10-6

(78%-400° ¥).
Preapmred valne,

SErtimnted, based on similer materdials,

‘@7

14"
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TABLE IT - WEAR, FIIM-FORMATION, AND SUHFACE-FAILUEE FROFERTIES OF SEVERAL NIOKET. ALIOYS

Materials
(&)
"L" nickel |Deryllium niokel|Baryllium nickel Tnecnel Mimonio 80 Incousl X |Refrastalloy 28 Discalay
(cant) {heat treated) {oast)
Bolatiys anount of totel wear | 5o 1.0 15.2 5.7 5.2 1.6 5.8 5.9 5.6
volune as ratios of total
wear volume for "T." nickel 263 1.0 4.9 3.3 0.6 1.3 1.8 5.9 5.6
Fllm-formatlon properties ¥llms forwed | Bonuniform Nonmiform Fllmo Tormed Gonarelly Generally mi- Fonmifcrm fiim |Komunlform
roadlly; £Ilm film formsd Tilmm formsd readlly and moiform Film forn 11l et Tight loads; |[filme formad
opellsd et did not hrsak formed ormed at amoeontinncus
high losis dovn with readily avier loads |[filuws at heavy
increased loads loads
Burface-faillure properties Mo welding; |Some welding and |Scae welding end [No evidende of |No mass Blight metel |Bame welding amd [B1ight metal
excoss lyo matal tremsfer |mabal tranafer [wurface mot-al tranaf ar wotal transfer |tranafer
plastic to disk spoeolmen |to disk apecimen [failurs trooefexr to disk apecimen
deformation
at high
loads

HAGAT
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TABLE ITI - COMPARTSON OF SURFACE CONDITIONS OF SPECIMERS

[Where surface photos are not Included, the surface appearance of the specimens after
varlous experimsnte may be consldered approximately represented by the Pigures 1151:.96..]

Materisls
Experiment "L" |Beryllium|Beryllium]Inconel|Nimonic| Inconel|Refrac-|Discaloy
nickel| mnickel nickel | (cast)| 80 X talloy
(cast) (heat- 26
treated)
Flgure
Rider specimen,
50-g wear run 5(a) —— ———— 5(b) | 5(c) _—— 5(c) 5(c)
Rilder specimen, :
264-g wear run | 6(a) 8(c) 6(c) 6(b) | 6(c) 6(b) —— ———
Disk wear track,
269-g wear run | 7(a) 7(c) 7(c) 7(b) | 7(c) 7(c) 7(b) -—
Rlder specimen,
lubricated 9(a) 9(c) 9(c) 9(b) | 9(e) 9(c) 9(c) 9(e)

o1
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" Lubrication
L / fallures
d\ Ly .'-F"-.w

Tubricaticn
fallures

Lubrication
falilures

{(b) Roller-riding cage.

Figure 1. - Iocation of lubrication failures at cage locating swrfaces of rolling-contact bearings.
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(s) "L" nickel; etchant, (b} Imconel (cast); etchant,
electrolytic axemlic acld, olectrolytlec oxmlic acid.

Figure 2. - Photomicrogrephs of metallographic speclmens of nickel alloys used

(c) Inconsel X; etchant,

electrolytic oxalic mcld. Cc.20824

in wear and friction experiments.

X100.

8T
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(&) Fimonio 80; stchant, ) (e) Refractalloy 26; stchant, {(£) Discaloy; etchant,
slactrolytic ommlic acld. : - agua regie plus cupric chloridse. electrolytic amlic acld,

Figure 2. - Continued. Photomicrographs cof metallographic specimens of nickel alloys used in wear and frictlon
experiments. X100.

C-29825
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%
':;'.E.-'-:J;a: L -~

Ny

A, s}

..
o
iy

(8) Beryllium nickel (as cast); (k) Beryllium nickel (heat treated);
etchant, electolytlc oxalic acid. etchant, electrolytic oxalic acid.

Figure 2., - Concluded.  Fhotomlcrographs of metallographic specimeng of nickel alloys used
in wear and frictlion experiments. X100,



Badlal, travel of rider
and restraining assembly

Radlel-position soele

Frioctlon-force
indiocator

CD- :720

Rotahing dilsk

Fgure 3, - Schematic diagram of sliding~frictlion apparatus.
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. NACA TN 2739 _

W 9 Berylliium nickel

N Beryllium nickel ]

7  Discaloy
<. . Inconel X _ ]
V _ Refractalloy
O ~ Inconel (cast)

A _ Kimonic 80
— = "L nickel (date

(heat«treated)

from reference 1)

.48%10™3

/i

AN

T r

/
52 //
fi /
; /
g‘ .24
i
:‘.16 — - /
|
- 0
.08 //Aé/ | %/
1/// //A
/ | =] /:: — — ]
0 . 40 — 80 120 T

Time, “min
(&) Loed, 50 grems.

166~ 200

Figure 4. - Wear of several materials sliding against hardened SAR
52100 steel, Sliding velocity, 5000 feet per minute.



from reference 1) / F

NACA TN 2759
2.0x10"5
V Refractalloy 28
N Beryllium nickel
1.8 (28 cast)
‘ 7 Discaloy
D  Beryllium nickel
{heat-treated)
<& TIncomel X
A  FKimonic 80
1.6 — "L" nickel (data
O Inconel (cast)
1.4
1.2

Wear volume, cu. in.
’-l
.

=
|

//

N

«

//

\

!

izanrs
gt

V.
Va
/,
)/‘ Pl B,

40 80

120 160 200

Time, min
{b) Load, 269 grams.

Figure 4. - Wear of several materials sliding agalnst hardened SAE

52100 steel.

8liding velocity, 5000 feet per minute.
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(a) "L" nickel. (b) Inconel (cast). () Himonio 80. 29827
C-

Figure 5. - Wear areas of rider specimensg of various materiasls after 3-hour operation against hardened SAE 52100 steel
without lubriestion. 8Sliding velocity, S000 feet per minute; load, 50 grams; X15.
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-29828

c

(¢) Nimonic 80.

{b) Imoonel (cast).

(a) "L" nickel.

- Wear areas of ridexr specimens of various materisls after 3-hour operation against hardened SAE 52100 steel

X15.

S8liding velocity, 5000 feet per minute; load, 260 grams;

without lubrication.

Flgure 6.
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——"L" nickel (data
from reference 1)
& Inconel X
A Nimonic 80
0 Incoomel (cast)
V Refractelloy 26
7 Discaloy
4 Beryllium nickel
(beat-treated)
N Beryllium nickel
— T 1 1™~ —
~ —
~—{=
L~
.30 Z
/]
/
/] o o
< 4?—-'% A A
.20 4 P " X e
<o — o E
g /,A— =
4 OBl
E fm
B.10
fé ¢ (a) "L" nickel, Inconel (cast), Inconel X, and Nimonio 80.°
ol
S .3 . . )
Ll
& |\
]
S ]
> E’/jb/' I S S >
| 1 4 & A |
.20 kv - M — v R 73
_R—dg N
=
< B
. 10|
“NACA —~
13 L
0 200 400 600 800 10Q0 1200 . 1400 15800
Loed, g

(b) Beryllium nickel, Beryllium nickel (heat-treated), Refractalloy 26, and Discaloy.

Figure 8. - Effect of load on friction of several materiels sliding on hardened SAE 52100 steel boundary

lubricated wlth grede 1005 turbine oil.

Sliding veloolty, 5000 feet per minute.



(8) "L* ntoksl. (b) Tnconsl (cast). (o) mimcnto 0. NEER

Pigure 9. - Wear areas of rider specimens of various materials after simllar series of friction experiments wilth hardened

BAE 52100 steel boundary lubricated with grade 1005 turbine oil.
1593 grams; X15.

511ding velocity, 5000 feet per minmute; load 119 to

82
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"' nickel 1 | |

Tnconel X I ] |

Nimonic 80 [ | [

Refractalloy 26 | | |

(&) Comparison of standard patterns.

LM nickel sbandard | |

LM nickel debris | | T 1T 1711 |

Inconel (cast) debris I I I | |

Inconel X debris

. Nimonic 80 debris | | | | |

Refractalloy 26 debris

Beryllium nickel debris T [ f I I I
Beryllium nickel | | ! I |
(heat-treated) debris
Nickel oxlde (N'.'LO) standard I I I
e
1.0 2.0 3.0

Interplanar distance, 4, A

(b) Comparison of patterns from debris with standard
patterns from "L" nickel and nickel oxlde (§10).

Figure 10. - X-ray diffraction data for wear debrils of nilckel alloys run

3 hours in wear experiments with 269-gram losd at sllding velocity of
5000 feet per minute; mangenese radiation.
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